ABSTRACT. The present study showed the acetylcholinesterase (AChE) activity, and neurofilament protein (NFP), catecholaminesynthesizing enzymes, dopamine β-hydroxylase (DBH) and phenylethanolamine N-methyltransferase (PNMT) immunoreactivities in the mouse adrenal gland during postnatal development. From birth to postnatal-1-day, AChE activity was weakly and diffusely found in some medullary cells and in very few nerve fibers whereas strong NFP immunoreactivity was seen in a few ganglion cells and in remarkably numerous nerve fibers in the medulla. Almost all meduallary cells were reactive for both DBH and PNMT during this period. From postnatal-2-or -3-day to postnatal-1-week, strong AChE activity was observed in a few large ganglion cells, but the reaction was weak in clusters of chromaffin cells, and the number of strong AChE-active nerve fibers in the medulla was rapidly increased. From postnatal-2-day onwards, the number of NFP-immunoreactive nerve fibers in the medulla were remarkably numerous. Numerous chromaffin cells were reactive for both DBH and PNMT whereas some chromaffin cells were reactive for only DBH from postnatal-2-day onwards. These results suggest that drastic changes such as an increase of acetylcholine in the nerve fibers, differentiation of noradrenaline and adrenaline cells of the medulla may occur during this period. From postnatal-2-week to postnatal-3-week, weak AChE activity was seen in the culsters of several chromaffin cells and a few ganglion cells, and the number of AChE-active nerve fibers in the medulla was gradually increased. From postnatal-4-week to postnatal-8-week (adult), the distribution and frequency of AChE activity in the adrenal gland were similar to those at postnatal-3-week. In the adult, AChE activity was weakly seen in the clusters of several chromaffin cells showing noradrenaline fluorescence in the adrenal medulla. The noradrenaline cells were contacted by denser AChE-reactive nerve fibers than adrenaline cells. These results suggest that the development of cholinergic nervous system in the mouse adrenal medulla may be completed by postnatal-3-week.-KEY WORDS: acetylcholinesterase, adrenal gland, catecholamine-synthesizing-enzyme, neurofilament protein, postnatal development.
catecholamine synthesizing enzymes, dopamine β-hydroxylase (DBH) and phenylethanolamine N-methyltransferase (PNMT) immunoreactivities, and acetylcholinesterase (AChE) activity in the chromaffin cells and nerve fibers of the mouse adrenal gland during postnatal development, and discuss the time of functional innervation and of completion of the cholinergic nervous system in the mouse developing adrenal gland.
MATERIALS AND METHODS
This study was carried out with animals in accordance with the Guideline for Animal Experiments in Asahikawa Medical College. Male and female mice (Balb/c) were used in this study. Adrenal gland was collected from the mouse at birth (postnatal-0-day), at postnatal-1-, -2-, -3-, -4-day, at postnatal-1-, -2-, -3-, -4-, -6-, -7-and -8-(adult) week. We used at least 10 animals in each group. The animals received commercial food pellets and water ad libitum. They were kept under constant conditions (temperature 22°C, relative humidity 45%, LD14:10 with light from 0500 to 1900 hr) in Animal Laboratories for Medical Research of Asahikawa Medical College.
The animals were anesthetized with ether and perfused Adrenal chromaffin cells produce and secrete a large amount of catecholamines (dopamine, adrenaline and noradrenaline) as hormones, and are innervated by preganglionic cholinergic neurons [22] . Physiological studies have shown that the secretion of adrenal chromaffin cell is mediated by cholinergic (muscarinic and nicotinic) agonists [3] . However, it is unknown when the stimulussecretion coupling system between nerve fibers and chromaffin cells occurs during development and when the development of cholinergic nervous system is completed in the medulla. Appearance of stimulus-secretion coupling system in developing chromaffin cells is considered to be the time of an onset of the functional innervation in the adrenal medulla. In rats, splanchnic control of adrenal medullary function is absent at birth, appearing during the first week and becoming fully mature by 10 days after birth [17, 18] . However, the synaptic contacts between nerve fibers and chromaffin cells are present prenatally in the rat adrenal medulla [2, 14] . Thus, the exact time of the onset of the functional innervation in the medulla is not known yet.
In order to clarify the onset of functional innervation in the medulla, we examined the distribution of neurofilament protein (NFP) as a marker for neuronal elements, through the heart with 5-20 ml of physiological saline and 10-40 ml of 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS) pH 7.4. The adrenal gland was removed and immersed in the same fixative for 2 hr at 4°C. After rinsing in PBS, the adrenal gland was left overnight in PBS containing 30% sucrose at 4°C. The adrenal gland was rapidly frozen in liquid nitrogen, cut at about 12 µm using a cryostat, and mounted on glass slides coated with poly-L-lysine (Sigma, St. Louis, Mo., U.S.A.). The cryostat sections were examined and photographed using a Zeiss fluorescent microscope equipped with a filter No. 9 for noradrenaline fluorescence. Fixation containing 4% paraformaldehyde is suitable to demonstrate noradrenaline fluorescence in the tissues [5, 6] .
For acetylcholinesterase (AChE) histochemistry, the sections were reacted by the Cu-acetylthiocholine method [10] for 30 min at room temperature.
For immunohistochemistry, the avidin-biotin-peroxidase (ABC) method [8] was used with a staining kit purchased from Vector Laboratories (Burlingame, Calif., U.S.A.). Cryostat sections were incubated with rabbit antineurofilament protein (NFP) (AB1981; dilution 1:4000; Chemicon Intern Inc, El Segundo, Calif., U.S.A.) for 24 hr at 4°C, followed by incubation in goat biotinylated antirabbit IgG and ABC complex for 1 hr at room temperature. The antigen-antibody reaction sites were made visible by i n c u b a t i n g s e c t i o n s w i t h d i a m i n o b e n z i d i n e tetrahydrochloride and 0.01% hydrogen peroxide in 25 mM Tris-HCl buffer (pH7.6).
For double immunostaining, the sections were incubated for 24 hr at 4°C with rabbit anti-DBH (TE103; dilution 1:2000; Eugene Tech Intern, Allendale, N.J., U.S.A.) and sheep anti-PNMT (AB146; dilution 1:1000; Chemicon Intern Inc). The immunoreacted sections were rinsed, then incubated at 37°C for 30 min with Texas Red-conjugated donkey anti-rabbit IgG (N2034; dilution 1:20; Amersham) for rabbit primary antibody or with donkey biotinylated antisheep IgG (AP184B; dilution 1:20; Chemicon), and FITC-streptavidin (SA-5001; dilution 1:50; Vector) was used to visualize the sheep primary antibody.
For immunohistochemistry and AChE histochemistry, the sections were incubated for 24 hr at room temperature with rabbit anti-NFP (dilution 1:500), rinsed with PBS, incubated for 30 min Texas Red-conjugated donkey anti-rabbit IgG, and photographed with a fluorescence microscope. The same sections were removed cover glasses and were reacted by the Cu-acetylthiocholine method.
For controls, the sections were incubated (1) after omission of acetylthiocholine substrate and (2) in the presence of 10 4 M eserine (Sigma). No histochemical reaction was seen under these conditions. The specificity of the immunohistochemical staining was confirmed by replacing the primary antibody with normal rabbit serum, and by using diluted antiserum pretreated with adequate antigens (5-50 µg/ml) for 24 hr at 4°C. No immunostaining was observed under these conditions.
RESULTS

Acetylcholinesterase (AChE) activity:
From birth to postnatal-1-day, a weak AChE activity was diffusely found in some medullary cells (15-25 µm in diameter), in very few thick nerve bundles and nerve fibers of the cortex and medulla (Fig. 1) . Sometimes a few bundles of AChE-active nerve fibers entered the adrenal capsule and ran through the cortex into medulla directly. In this case, intensity of staining of AChE-active nerve bundles and fibers in the cortex was stronger than that in the medulla (Fig. 1) . Sometimes a few large AChE-activity ganglion cells (40-60 µm in diameter) were seen as single cell or clusters of several cells in the medulla. However, no AChE activity was found in the cortical cells.
From postnatal -2-or -3-day to postnatal-1-week, strong AChE activity was observed in a few large ganglion cells, but the reaction was weak in clusters of chromaffin cells in the medulla (Fig. 2) . Thick and thin bundles of AChEactive nerve fibers ran through the cortex into medulla directly. The AChE activity was clearly seen in the nerve bundles and nerve fibers of the medulla. The number of the AChE-active nerve fibers in the medulla was rapidly increased compared to that at postnatal-1-day (Figs. 2, 3 ). These AChE-active varicose nerve fibers were sometimes in close contact with clusters of chromaffin cells showing the weak AChE active compared to other region (Fig. 3) . Sometimes basket-like network of AChE-active varicose nerve fibers encircled groups of several chromaffin cells.
From postnatal-2-week to postnatal-3-week, the staining pattern of AChE activity in the adrenal gland was similar to that of postnatal-1-week. The number of AChE-active nerve fibers at postnatal-3-week was slightly increased in the medulla.
From postnatal-4-week to postnatal-8-week (adult), the staining pattern of AChE activity in the adrenal gland was also similar to that at postnatal-3-week. The distribution and frequency of the AChE-active nerve fibers with varicosities were similar to those at postnatal-3-week (Fig.  4) . In the adult adrenal gland, AChE activity was seen weakly in clusters of several chromaffin cells showing noradrenaline fluorescence, but not in cortical cells (Figs. 5,  6 ). The noradrenaline (NA) cells were contacted by denser nerve fibers than adrenaline (A) cells (Figs. 5, 6 ).
Neurofilament protein (NFP) immunoreactivity: From birth to postnatal-1-day, NFP immunoreactivity was found in a few large ganglion cells (40-60 µm in diameter), but not in the cortical or medullary cells, and in remarkably numerous nerve fibers of the adrenal medulla (Fig. 7) . Several thick NFP-immunoreactive nerve bundles ran through the cortex into the medulla directly. They divided into thinner nerve fibers in the medulla. These NFPimmunoreactive nerve fibers often contacted large clusters of several chromaffin cells. A few immunoreactive nerve fibers were seen along blood vessels. By using double labeling technique with NFP antibody and AChE, NFPimmunoreactive nerve bundles or nerve fiber in the cortex Fig. 1 . AChE activity is weakly and diffusely seen in medullary cells and in very few nerve fibers of mouse adrenal medulla at birth while AChE activity is found strongly in the nerve bundles of the cortex (arrows). × 300. Fig. 2 . AChE activity is found weakly in clusters of several chromaffin cells, strongly in a ganglion cell (arrow) and in relatively numerous nerve fibers in the mouse adrenal medulla at postnatal-2-day. × 300.
NFP immunoreactivity was seen in remarkably numerous nerve fibers in the medulla. Weak neuronal AChE immunoreactivity was present in the nerve fibers of the adrenal medulla of the rat on day 2 while a moderately dense network of NFP-immunoreactive nerve fibers was found at postnatal-2-day [7] . An intact connection between the chromaffin cells and neuronal cell bodies in the spinal cord has been shown by injections of retrograde tracer of fast blue into the adrenal medulla of 2-day-old-rat pups [16] . These results suggest that numerous nerve fibers prenatally contacted chromaffin cells in the medulla, but do not fill with acetylcholine containing clear vesicles in the nerve terminals of the medulla from both to postnatal-1-day yet.
In fact, electron microscopic study showed that from birth to postnatal-2-day the majority of synapses in the rat adrenal medulla have an immature appearance [20] . In the present study strongly AChE-active nerve bundles were sometimes found in the cortex or in the surface of the gland from birth to postnatal-1-day while very few weak AChE-active nerve fibers were seen in the medulla. Thus, these findings suggest that acetylcholine containing synaptic clear vesicles may be transferred from the cell soma to empty nerve terminals and may be already present in the nerve fibers of the cortex, but not fully exist in the fibers of the medulla during this period. We showed that from birth to postnatal-1-day, all medullary cells were reactive for both DBH and PNMT. These results suggest that all chromaffin cells produce both NA and A in the same cells prior to separation of NA cells and A cells during this period, which is consistent with the data of rats [23] . From postnatal-2-or -3-day to postnatal-1-week, we showed the rapid increase of clear AChE-active nerve fibers and the presence of remarkably numerous NFPimmunoreactive nerve fibers in the medulla. Ultrastructural study showed that by the end of the first week after birth the majority of synaptic endings contained small round clear vesicles and a variable number of obovate clear vesicles [20] . These findings suggest that acetylcholine containing clear vesicles may be rapidly increased in the empty nerve terminals of the mouse adrenal medulla by postnatal-2-or -3-day, and that acetylcholine may begin to be released rapidly from the terminals. We observed that from postnatal-2-day onwards, chromaffin cells were immunohistochemically divided into two types as A cells and NA cells in the medulla, which is consistent with the data obtained in the rats [23] . Thus, these results suggest that drastic changes such as an increase of acetylcholine in the nerve fibers, differentiation of noradrenaline and adrenaline cells may occur in the medulla during this period. (Fig. 5) , and histochemical micrograph of the same section showing weakly AChE-active chromaffin cells (NA) in the mouse adult adrenal medulla (Fig. 6 ). AChE-active nerve fibers densely contact cluster of the cells (NA) (Fig. 6 ) × 300.
were strongly reactive for AChE while most of numerous NFP-immunoreactive nerve fibers in the medulla were not reactive for AChE (Figs. 8, 9 ). From postnatal-2-day to postnatal-1-week, NFP immunoreactivity was found in a few ganglion cells and in nerve fibers of the medulla. The number of the NFP immunopositive nerve fibers in the medulla at postnatal-2-day was slightly increased compared to that at postnatal-1-day (Fig. 10) . NFP-immunoreactive nerve fibers were remarkably numerous and were seen to contact more densely several clusters of several chromaffin cells in the medulla. Sometimes a few immunoreactive nerve fibers were seen along blood vessels.
From postnatal-1-week to postnatal-8-week (adult), the distribution and frequency of NFP immunoreactivity in neuronal elements of the medulla were similar to those at postnatal-2-day.
Catecholamine-synthesizing enzymes immunoreactivities: From birth to postnatal-1-day, both DBH and PNMT immunoreactivities were seen in the same medullary cells in the medulla (Figs. 11, 12 ). A few DBH-immunoreactive ganglion cells were observed in the cortex and medulla. However, no PNMT immunoreactivity was observed in the neuronal elements.
At postnatal-2-day, chromaffin cells were divided into two cell types, A and NA cells; A cells were immunoreactive for both DBH and PNMT (about 80% of total medullary cells) while NA cells were immunoreactive for DBH only, but no PNMT (about 20% of total medullary cells) (Figs.  13, 14) . A few large DBH immunoreactive ganglion cells were found as single cell or small groups in the medulla. Relatively numerous DBH-immunoreactive nerve fibers were seen in the superficial cortex and in the medulla.
From postnatal-3-day to postnatal-8-week (adult), the staining pattern of DBH and PNMT immunoreactivity in the chromaffin cells and in the neuronal elements were similar to those of mouse at postnatal-2-day (Figs. 15, 16 ). The ratio of A and NA cells was similar to that at postnatal-2-day.
In the adult, a few large ganglion cells were immunoreactive only for DBH, but not PNMT and sometimes found as small groups of cells or as single cell in the medulla.
DISCUSSION
In the present study, from birth to postnatal-1-day, weak AChE activity was diffusely found in some medullary cells and in very few nerve fibers in the adrenal medulla while Fig. 7 . NFP immunoreactivity is seen in remarkably numerous nerve fibers in the medulla at birth. × 300. Figs. 8, 9 . Fluorescence micrograph showing NFP-immunoreactive nerve fibers in the cortex and medulla (Fig. 8) , and histochemical micrograph of the same section showing AChE-active nerve bundles and fibers in the cortex and medulla at birth (Fig. 9) . NFP-immunoreactive nerve bundles in the cortex (arrow) are strongly reactive for AChE, while most of NFP-immunoreactive nerve fibers in the medulla are not reactive for AChE. × 300.
Furthermore, the present study showed differences of distribution of AChE-active or NFP-immunoreactive nerve fibers between A and NA cells from postnatal-2-day to postnatal-1-week. Previous study showed that NA cells were more numerously encircled with S-100 proteinimmunopositive supporting cells like Schwann cells than A cells in the adult murine adrenal medulla [19] . It is well known that Schwann cells synthesize various neurotrophic factors such as nerve growth factor and brain-derived neurotrophic factor in the peripheral nervous system [12, 13] . These supporting cells in the adrenal medulla may secrete the nerve growth factors during development. Thus, dense innervation of NA cells as compared with A cells may be caused by the nerve growth factors from supporting cells during this period.
From postnatal-2-week to postnatal-3-week, AChE-active nerve fibers in adrenal medulla were gradually increased and their number reached the adult level. From postnatal-8-day to postnatal-26-day, many synaptic profiles on chromaffin cells are similar to those in adult specimens and are typical of the cholinergic nerve endings [20] . These results suggest that cholinergic nervous system in the mouse adrenal medulla may be completed by postnatal-3-week.
The present study showed that AChE activity was seen strongly in a few large ganglion cells and weakly in NA cells of the mouse adrenal medulla, furthermore, and that NA cells were more densely innervated by AChE-active nerve fibers than A cells, which is consistent with previous data [1, 4, 9] . These findings suggest that the presence of AChE in the ganglion cells and NA cells may be related to hydrolysis of a large amount of acetylcholine, and that A cells and NA cells differ in degree of cholinergic innervation and type of nerves. In fact, nicotine and high K + cause a greater secretion of NA than A [3] . These differential secretions may be caused by differential innervation between A and NA cells. With regard to the origin of the intraadrenal nerve fibers, previous studies have shown by retrogradely labeling technique that the preganglionic sympathetic neurons were present in the intermediolateral nucleus in segments Th1 to L1 of the spinal cord, in the sensory neuron [11] .
We showed that about 80% of total chromaffin cells in the adult adrenal medulla were reactive for DBH and PNMT as A cells while about 20% of them were reactive for DBH only as NA cells. These ratio of DBH and PNMT immunoreactivities in the chromaffin cells may reflect that of A and NA in the adrenal medulla. These data are well consistent with those of rats in previous immuno- histochemical and biochemical study [21, 23] . Furthermore, we showed that a few large intra-adrenal ganglion cells were reactive for DBH, but not PNMT. This result infers that these intrinsic ganglion cells produce and release NA as a neurotransmitter as well as sympathetic neurons, which is consistent with the data of the rat adrenal gland [15] .
